Abstract: Scanning atmospheric lidar and in situ observations of internal gravity waves with wavelengths ranging from 30 m to 100 m in the atmospheric roughness sublayer over a forest canopy will be presented.
Introduction and Background
This paper is a summary of a manuscript that has been submitted by the author to Agricultural and Forest Meteorology and is in peer review at the time of this writing.
Temperature inversions routinely form during the night over land when the surface of the earth cools faster than the air above it. Such environments are statically stable arrangements of the lowest levels of the atmosphere that resist the production of turbulence and support vertical oscillations known as internal gravity waves [1] [2] [3] [4] . This paper presents observations of organized groups of internal gravity waves in the very stable, nocturnal atmospheric boundary layer over a (1.6 km) 2 walnut orchard block in central California. The dataset is unique because of the simultaneous availability of wind velocity and air temperature measurements from mast-mounted fast-response in situ sensors in the form of time-series at multiple altitudes, and 2D images of relative aerosol backscatter from a ground-based scanning elastic lidar system. Use of both types of data begin to reveal the 3D structure and motion of waves in the atmospheric roughness sublayer. The waves are significant because if they continue to amplify they will eventually result in unstable vertical arrangements of the air that lead to breaking and episodes of turbulence that are responsible for vertical fluxes of heat, momentum, and trace gases [5] . Their characteristics may also be of interest to those studying the propagation of horizontally directed laser radiation very close to the surface of the earth.
Waves over forest canopies are commonly referred to as canopy waves because they result from the shear-induced inflection point instability [6] that the canopy induces on the mean horizontal flow. Prior studies of canopy waves include those by [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The waves described herein likely correspond to the waves shown in panels a and b of Fig. 14 in [16] . That is, most of them appear to have a sinusoidal shape in the direction of the mean flow such as Fig. 14a in [16] and about 42% of the cases exhibit an asymmetry in the horizontal wave structure that is characteristic of Kelvin-Helmholtz billows such as Fig. 14b in [16] . These phases of wave development occur prior to the more developed turbulence that makes it difficult to recognize the turbulent coherent structures that occur after the waves break such as Figs. 14c and 14d in [16] .
Experiment and Methodology
The data was collected during the Canopy Horizontal Array Turbulence Study (CHATS) [21] . The Raman-shifted Eye-safe Aerosol Lidar (REAL) [22] [23] [24] was located 1.44 km north of the northern edge of the orchard. A 30-m tall instrumented tower was installed in the orchard at 1.61 km range from the REAL. The lidar and the in situ sensors operated continuously between March and June of 2007. After the experiment the time-lapse animations of the nearlyhorizontal PPI scans were carefully examined for the presence of fine-scale wave packets [25] . 53 wave episodes were identified from the 3-month data set. Episodes range in time from a few minutes to more than 1 hour in duration. To focus the analyses and extract the salient features of the environment supporting the wave activity, a 5-minute period of time per episode corresponding to when the waves appeared most pronounced in the lidar imagery was chosen. The lidar imagery provides several important quantities that cannot be obtained from the in situ data: wavelength and wave propagation velocity (speed and direction). 
Key Findings and Conclusions
All wave episodes occurred during the night when temperature inversions, strong static stability, and light winds were present. Vertical profiles of mean horizontal wind speed, shear, and concavity reveal a maximum in shear at the canopy top. Moreover, a change in the sign of concavity and the existence of an inflection point in the mean wind profiles exists. The values of concavity below 10 m AGL tend to be positive and the values of concavity above 10 m AGL tend to be negative. The in situ data was also used to compute the gradient Richardson number (Ri) for each of the 53 episodes. The Ri profiles show considerable scatter above and below the canopy height of 10 m, but are strongly clustered between 0 and 0.15 in the range of altitudes between 8 m and 13 m AGL. This cluster of values at the canopy top is less than the critical Ri of 0.25, indicating that this region is dynamically unstable and prone to the generation of instability resulting in waves or turbulence. These observations are consistent with the prevailing theory that the waves are due to the drag that the canopy induces on the flow and the resulting inflection point instability.
Perhaps the most novel finding is that the waves propagate in the same direction as the wind but at phase speeds less than the mean wind speed. Furthermore, very careful inspection of the lidar imagery reveals that the wave crests in 22 of the 53 cases are asymmetric. Specifically, the upwind side of the wave crests exhibit a sharper horizontal gradient of aerosol backscatter while the downwind sides are more diffuse. This observation is consistent with the notion that the flow is more laminar on the upwind side and turbulent on the downwind edge as the waves begin to break and mix any previous stratification of the aerosol. These observations are consistent with observations of Kelvin-Helmholtz billows elsewhere. A correlation between the mean environmental conditions and the wavelengths was not found. Now that the canopy wave episodes have been cataloged, and the salient characteristics of the waves and supporting environments documented, it is possible to continue research by examining the microscale structure of the waves. Such details may be of more interest to the pcAOP community since it should be possible to use the in situ data to compute gradients of refractive index through the wave train.
